Atherosclerosis is a chronic inflammatory vascular disease characterized by the narrowing of blood vessels caused by the growth of lipid-rich plaques.^[@R1]^ The initiation of atherogenesis relies on the recruitment of circulating leukocytes by activated endothelial cells (ECs) to regions of deposited oxidized low-density lipoprotein (LDL).^[@R2]^ Activated ECs and leukocytes use the nuclear factor κ light chain enhancer of activated B cells (NF-κB) signaling pathway to propagate inflammatory gene expression, including induction of adhesion molecules, chemoattractants, and cytokines to drive inflammation in the vessel wall.^[@R3],[@R4]^ NF-κB signaling is tightly controlled, and this includes regulation by a network of microRNAs, which titrate the expression of signaling components post-transcriptionally.^[@R5]^ In particular, microRNA-146a (miR-146a) has been well characterized in both ECs and leukocytes as a negative regulator of NF-κB activity through its ability to target upstream adaptor proteins, including TRAF6 (TNF receptor--associated factor 6) and IRAK1 (interleukin receptor--associated kinase 1).^[@R6],[@R7]^
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Characterization of *miR-146a*--deficient mice has revealed defects in multiple aspects of immune cell biology.^[@R8],[@R9]^ Older (\>1 year) *miR-146a*^−/−^ mice develop multiorgan inflammation, bone marrow (BM) failure, splenomegaly, and lymphoadenopathy.^[@R9],[@R10]^ When challenged by proinflammatory stimuli (eg, lipopolysaccharide \[LPS\] or IL-1β \[interleukin-1β\]), these mice have exacerbated NF-κB--dependent inflammatory responses and demonstrate expansion of proinflammatory Ly6C^hi^ monocytes.^[@R6],[@R10],[@R11]^ Interestingly, the hyperactivation of NF-κB caused by low-grade inflammation during normal aging or through repeated LPS challenge drives the proliferation and eventual exhaustion of hematopoietic and progenitor stem cells in these mice, resulting in eventual loss of circulating leukocytes and lymphocytes.^[@R10]^

The NF-κB pathway is activated in ECs, macrophages, and smooth muscle cells within human atherosclerotic lesions.^[@R12]^ However, defining the role of NF-κB signaling in atherogenesis has been complicated, as ablation of NF-κB activity in ECs reduces atherogenesis,^[@R3]^ whereas inhibition within macrophages enhances atherogenesis.^[@R13]^ Of interest, recent studies have shown that injection of miR-146a mimic into atheroprone mice reduces atherogenesis, and it has been suggested that this is because of suppression of macrophage NF-κB signaling.^[@R14]^ The role of endogenous miR-146a in atherogenesis remains undefined. Here, we show that genetic ablation of *miR-146a* in BM-derived cells reduces atherogenesis and that this is paradoxically accompanied by enhanced circulating levels of proinflammatory cytokines despite reduced levels of circulating LDL cholesterol. Lack of *miR-146a* in BM-derived cells leads to monocytosis in response to high cholesterol diet (HCD), followed by BM exhaustion, depleting circulating levels of proatherogenic cells. Conversely, deletion of *miR-146a* in the vasculature promotes atherogenesis by increasing endothelial activation. Thus, unrestrained inflammatory signaling in *miR-146a--*deficient tissues has diverse consequences during atherogenesis, and our studies emphasize the importance of tight control of inflammatory pathways in the setting of hypercholesterolemia.

Methods
=======

A complete description of Methods is included in the [Online Data Supplement](http://circres.ahajournals.org/lookup/suppl/doi:10.1161/CIRCRESAHA.116.310529/-/DC1).

Results
=======

miR-146a Expression Is Increased in ECs and Intimal Cells During Murine Atherogenesis
-------------------------------------------------------------------------------------

*Ldlr*^−/−^ (low-density lipoprotein receptor null) mice were placed on a HCD for 18 weeks to visualize the expression of miR-146a in atherosclerotic plaque (Figure [1](#F1){ref-type="fig"}A). In situ polymerase chain reaction on aortic root cross-sections revealed that miR-146a was expressed in intimal cells, including Mac-2^+^ macrophages, and was robustly expressed in CD31^+^ ECs. The in situ signal was specific for miR-146a, as staining was not detected in *miR-146a*^−/−^ mice (Figure [1](#F1){ref-type="fig"}A). Expression of miR-146a in the aortic root seemed to progressively increase in the intima during the progression of atherosclerosis (Online Figure I). The absence of signal in the media implies that contractile smooth muscle cells in the aortic root do not express miR-146a at sufficient levels to be detected by this technique. In addition, using quantitative reverse transcriptase-polymerase chain reaction at an early stage of atherogenesis (ie, *Ldlr*^−/−^ mice, 4-week HCD), we found a significant elevation of miR-146a expression in the lesser curvature of the aortic arch, a region of the aorta where atherosclerotic plaque forms, compared with regions that are protected from atherosclerosis, namely the greater curvature of the aortic arch and the descending thoracic aorta (Figure [1](#F1){ref-type="fig"}B and [1](#F1){ref-type="fig"}C). However, miR-146a expression was at appreciable levels in all regions examined (not shown), which may reflect the known expression of miR-146a in the vascular endothelium.^[@R6]^

![**MicroRNA-146a (miR-146a) is expressed in murine atherosclerotic plaques. A**, Cross-sections of *Ldlr*^−/−^ or *Ldlr*^−/−^*;miR-146a*^−/−^ mouse aortic roots after 18 wk of high cholesterol diet (HCD). Expression of miR-146a, assessed by in situ polymerase chain reaction (red) overlaps with Mac-2--positive macrophages (purple) and CD31-positive endothelial cells (ECs; green) in the intima, and signal is absent in *miR-146a*^−/−^ mice. miR-146a expression during the progression of atherosclerosis is shown in Online Figure I. **B**, Schematic of the aorta, indicating the aortic root (examined in **A**), the greater curvature (GC, atheroprotective) and lesser curvature (LC, atherosusceptible) of the aortic arch and the descending thoracic aorta (DTA, atheroprotective). **C**, Expression of miR-146a (normalized to U6 levels) in the specified regions of the aorta in *Ldlr*^−/−^ mice after 4 wk of HCD (n=5). Ldlr indicates low-density lipoprotein receptor.](res-121-354-g001){#F1}

Global Deletion of miR-146a Activates Proinflammatory Pathways Yet Suppresses Atherogenesis and Is Accompanied by Reduced Circulating LDL Cholesterol Levels in Mice on HCD
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To elucidate the role of miR-146a during atherogenesis, we generated global double knockout (DKO; *miR-146a*^−/−^; *Ldlr*^−/−^) mice by crossing *miR-146a*^−/−^ mice with *Ldlr*^−/−^ mice. Two time points (12 and 18 weeks of HCD) were assessed to determine the effect of miR-146a on the progression of atherosclerotic phenotypes (Figure [2](#F2){ref-type="fig"}A). Analyses of male and female mice were grouped together as we found no significant differences between sexes for the parameters measured, except for body weight (not shown). At the 12-week time point, no differences in body weight (Figure [2](#F2){ref-type="fig"}B) or aortic arch plaque burden (Figure [2](#F2){ref-type="fig"}D) were observed between *Ldlr*^−/−^ and DKO mice. However, the circulating inflammatory marker, IL-6, was elevated in the majority of DKOs at this stage, although the difference did not reach statistical significance (Figure [2](#F2){ref-type="fig"}E). By 18 weeks, despite no differences in body weight (Figure [2](#F2){ref-type="fig"}B) or food intake (Figure [2](#F2){ref-type="fig"}C), DKO mice surprisingly had less lipid plaque in the aortic arch (Figure [2](#F2){ref-type="fig"}D). This decrease in atherosclerosis occurred despite signs of elevated systemic inflammatory signaling, including enhanced circulating levels of soluble intercellular adhesion molecule-1 (sICAM-1) and IL-6 (Figure [2](#F2){ref-type="fig"}E). Atherosclerotic plaque formation was unaltered in the descending thoracic aorta of DKO mice: this region is typically protected from atherosclerosis (Online Figure IIA). Plaque burden in the aortic root was also comparable between groups (Online Figure IIB and IIC).

![**Reduced atherosclerosis in mice with global deletion of microRNA-146a (miR-146a). A**, Schematic of high cholesterol diet (HCD) regimen for *Ldlr*^−/−^ and *Ldlr*^−/−^*;miR-146a*^−/−^ (double knockout \[DKO\]) mice. **B**, Weights of male mice after 12- or 18-wk HCD (n=3--5). Weights of female mice were also unchanged between genotypes (not shown). **C**, Food consumption in mice (n=4 mice per cage). T~0~ is 18 wk of HCD. **D**, Percentage of Oil Red-O (ORO) regions quantified from aortic arches of *Ldlr*^−/−^ and DKO mice after HCD for 12 or 18 wk. Representative images are shown to the right. The descending side of the aorta is to the right. Aortic root and descending thoracic aorta analyses are shown in Online Figure II. n=18 to 22 for 12-wk time point and n=4 for 18-wk time point. **E**, Circulating levels of proinflammatory markers, IL-6 (interleukin-6) and soluble intercellular adhesion molecule-1 (sICAM-1) in wild-type and DKO mice (n=5--8). **F**, Time course of plasma cholesterol measurements (n=3--5; 1 group of mice were used for weeks 1, 6, and 9, and a separate group was used for weeks 12 and 18). Mice were fasted overnight before sample collection. **G**, FPLC (fast protein liquid chromatography) trace of cholesterol content in lipoprotein fractions in plasma after 18 wk of HCD (pooled analysis of 5 samples). **H**, Intrahepatic cholesterol and triglyceride levels in mice after 12-wk HCD (n=13--14). Eighteen-week HCD is shown in Online Figure IID. Bile cholesterol (n=3) and fecal cholesterol (n=4) in mice after 18-wk HCD. **I**, Assessment of very-low-density lipoprotein (VLDL) secretion by measurement of triglycerides and cholesterol in plasma after injection of Poloxamer 407 (12-wk HCD; n=4, 2). Ldlr indicates low-density lipoprotein receptor.](res-121-354-g002){#F2}

Unexpectedly, DKO mice displayed progressive lipid metabolism defects, resulting in lower circulating total cholesterol and LDL cholesterol. High-density lipoprotein levels and triglyceride levels were modestly affected (Figure [2](#F2){ref-type="fig"}F). Assessment of lipoprotein profiles by fast protein liquid chromatography (FPLC) revealed a striking decrease in cholesterol content in very-low-density lipoprotein (VLDL) fractions (Figure [2](#F2){ref-type="fig"}G). Measurement of total cholesterol and triglyceride levels in the liver revealed no significant differences at 12 weeks (Figure [2](#F2){ref-type="fig"}H) or 18 weeks of HCD (Online Figure IID). Likewise, cholesterol levels in bile and feces were unchanged at 12 weeks of HCD (Figure [2](#F2){ref-type="fig"}H). Assessment of VLDL secretion from the liver suggested a decrease in cholesterol and triglyceride secretion in DKO mice (Figure [2](#F2){ref-type="fig"}I). Taken together, these data demonstrate that lack of *miR-146a* decreases circulating VLDL/LDL cholesterol yet paradoxically enhances inflammatory signaling in mice on a proatherogenic diet.

Deletion of miR-146a in BM-Derived Cells Enhances Inflammatory Signaling, Yet Paradoxically Suppresses Atherogenesis and Alters Cholesterol Metabolism
------------------------------------------------------------------------------------------------------------------------------------------------------

Next, we performed BM transplantation (BMT) experiments to elucidate the role of miR-146a in BM-derived cells during atherogenesis. *Ldlr*^−/−^ mice were lethally irradiated and reconstituted with either *miR-146a*^+/+^ (wild-type \[WT\]) or *miR-146a*^−/−^ (knockout \[KO\]) BM (Figure [3](#F3){ref-type="fig"}A). Reconstitution of hematopoiesis after transplantation of WT or KO BM cells seemed to be normal, as circulating levels of leukocytes and lymphocytes were similar 8 weeks after BMT, before the administration of HCD (Online Figure IIIA). Body weight was similar between the 2 groups after 12 weeks of HCD (Figure [3](#F3){ref-type="fig"}B), as was food intake (Figure [3](#F3){ref-type="fig"}C). Although lipid plaque burden was not significantly altered at early stages (ie, 4-week HCD), mice receiving KO BM developed less lipid plaque in the aorta after 12 weeks of HCD (Figure [3](#F3){ref-type="fig"}D; Online Figure IIIB), and markers of macrophage content in the aortic arch were reduced (Online Figure IIIC). Plaque burden in the descending thoracic aorta (Online Figure IIIB) and aortic root (Online Figure IIID) appeared to be unchanged. The decrease in plaque burden in the aortic arch was paradoxically accompanied by signs of systemic inflammatory signaling, with higher levels of circulating sICAM-1, IL-6, and TNF-α (tumor necrosis factor-α) detected in the plasma of mice receiving KO BM after 12 weeks of HCD (Figure [3](#F3){ref-type="fig"}E), with a trend toward elevated IL-6 levels being observed after 4 weeks of HCD (Figure [3](#F3){ref-type="fig"}E). These findings suggest that loss of miR-146a expression in BM-derived cells surprisingly results in reduced atherosclerosis, despite the ability of miR-146a to restrain inflammatory signaling. The similarity in phenotypes observed in DKO mice and mice receiving KO BM suggests that loss of miR-146a function in BM-derived cells is the predominant contributor to the observed phenotypes.

![**MicroRNA-146a (miR-146a) in bone marrow (BM)--derived cells contributes to atherogenesis. A**, *Ldlr*^−/−^ mice lethally irradiated and given BM transplantation (BMT) from wild-type (WT BM) or *miR-146a*^−/−^ (knockout \[KO\] BM) donors followed by high cholesterol diet (HCD) for 4 or 12 wk. **B**, Body weights of female mice after 12-wk HCD (n=5--7). Weights of male mice were also unchanged (not shown). **C**, Food consumption in mice (n=4 mice per cage). T~0~ is 12 wk of HCD. **D**, Percentage of Oil Red-O (ORO) regions per aortic arch measured by en face imaging after 4- or 12-wk HCD (n=9--11). Representative images of plaque burden in aortas of *Ldlr*^−/−^ mice with WT BM (**top**) and KO BM (**bottom**) after 12-wk HCD are shown to the right. Aortic root and descending thoracic aorta analyses are shown in Online Figure IIIB and IIID. **E**, Circulating proinflammatory markers, soluble intercellular adhesion molecule-1 (sICAM-1), IL-6 (interleukin-6), and TNF-α (tumor necrosis factor-α), measured by ELISA of plasma samples (n=4--7). **F**, Time course of plasma cholesterol measurement in *Ldlr*^−/−^ mice receiving WT or KO BM (n=4--7; 1 group of mice was used for weeks 0 and 4, and a separate group was used for week 12). **G**, FPLC (fast protein liquid chromatography) trace of cholesterol content of lipoprotein fractions from plasma after 12 wk of HCD (pooled analysis of 4 samples). **H**, Intrahepatic total cholesterol (TC), free cholesterol (FC), and triglycerides (TG) after 12-wk HCD (n=4). Fecal cholesterol levels after 12 wk of HCD (n=8). **I**, Expression of inflammatory genes, *Sort1*, and a macrophage marker (*F4/80*) from liver tissues. Shown is a heat map of quantitative reverse transcriptase-polymerase chain reaction data (n=4--8). Values are relative to the controls for each group, as indicated. \*Significant difference in expression. **J**, TG measurements in the media of cultured primary mouse hepatocytes treated with recombinant mouse IL-6 for 6 h (n=4). **K**, The predicted miR-146a binding in the human and mouse *SORT1* 3′ UTR (untranslated region; above) and luciferase analyses in bovine aortic endothelial cells (BAECs; n=5). HDL indicates high-density lipoprotein; and Ldlr, low-density lipoprotein receptor.](res-121-354-g003){#F3}

Interestingly, we found a progressive decrease in total cholesterol, LDL, triglycerides, and high-density lipoprotein levels in the plasma of mice receiving KO BM (Figure [3](#F3){ref-type="fig"}F). FPLC revealed a marked reduction in cholesterol content in VLDL fractions (Figure [3](#F3){ref-type="fig"}G). However, levels of total and free cholesterol and triglycerides in the liver were not significantly different (Figure [3](#F3){ref-type="fig"}H), neither were cholesterol esters (not shown), and fecal cholesterol levels were also unchanged (Figure [3](#F3){ref-type="fig"}H). To determine potential mechanisms for the altered lipid metabolism, we assessed gene expression in livers of *Ldlr*^−/−^ and DKO mice (18-week HCD), and *Ldlr*^−/−^ mice receiving WT or KO BM (12-week HCD). We observed an elevation of a macrophage marker (*F4/80*), as well as several proinflammatory cytokines, such as *IL-1β* and *IL-6*, and an increase in *IL-10*, in DKO livers and in the livers of *Ldlr*^−/−^ mice receiving KO BM, compared with their respective controls (Figure [3](#F3){ref-type="fig"}I). Importantly, dysregulation of IL-6 and IL-10 has previously been implicated in altered lipid metabolism.^[@R15]--[@R17]^ Indeed, we found that exposing primary hepatocytes to IL-6 decreased triglyceride secretion (Figure [3](#F3){ref-type="fig"}J). Acute phase response genes were elevated in DKO livers, but not in recipients of KO BM (not shown). We also assessed the expression of a panel of 84 lipid signaling and cholesterol metabolism genes by quantitative reverse transcriptase-polymerase chain reaction arrays. A small number of genes were significantly dysregulated in either experimental group (9 genes in DKOs compared with *Ldlr*^−/−^ mice, and 19 genes in KO BMT recipients compared with WT BMT recipients; Online Figure IV; Online Table I). However, the only genes that were significantly decreased in both models were *ApoB* (apolipoprotein B; 1.25-fold decrease in DKOs versus *Ldlr*^−/−^ and 1.61-fold decrease in KO BMT versus WT BMT recipients) and *Cnbp* (CCHC-type zinc finger nucleic acid binding protein; 1.43-fold decrease in DKOs versus *Ldlr*^−/−^ and 1.69-fold decrease in KO BMT versus WT BMT recipients), but these changes were modest. Although not on the quantitative reverse transcriptase-polymerase chain reaction array, we also assessed the expression of sortilin-1(*Sort1*) because it is a known regulator of circulating LDL levels that was identified by genome-wide association studies in humans,^[@R18]^ and it has been shown to promote IL-6 signaling and secretion in macrophages in mouse models.^[@R19]^ Interestingly, *Sort1* is also predicted to be an miR-146a target gene (Figure [3](#F3){ref-type="fig"}K). We found that *Sort1* expression in the liver was elevated in both models (2.21-fold increase in DKOs versus *Ldlr*^−/−^ and 1.68-fold increase in KO BMT versus WT BMT recipients; Figure [3](#F3){ref-type="fig"}I). Furthermore, we confirmed that *Sort1* is a bone fide miR-146a target gene by luciferase assay (Figure [3](#F3){ref-type="fig"}K). Thus, loss of miR-146a from BM-derived cells perturbs cholesterol metabolism, potentially through dysregulated NF-κB--dependent inflammatory pathways in the liver, including macrophage accumulation and IL-6 secretion, and perhaps through regulation of *Sort1*. Of note, despite the lower levels of VLDL/LDL cholesterol, *miR-146a*^−/−^ mice display an exaggerated inflammatory response to HCD.

Diet- and Age-Dependent Hematopoiesis Defects in miR-146a^−/−^ Mice
-------------------------------------------------------------------

Strikingly, the spleens of DKO mice fed HCD for 18 weeks (6--7 months of age) were ≈2.5× larger than *Ldlr*^−/−^ mice on the same atherogenic diet (Figure [4](#F4){ref-type="fig"}A). At earlier stages (ie, 12 weeks of HCD; 5--6 months of age) spleen weight was not significantly changed (Figure [4](#F4){ref-type="fig"}A). Of note, aged *miR-146a*^−/−^ mice (\>8 months of age) have previously been shown to spontaneously develop splenomegaly, which is accompanied by BM hematopoiesis defects.^[@R10]^ Because we observed a splenomegaly phenotype in young mice on HCD, this suggests that atherogenic diet may accelerate the development of splenomegaly. Similar to global KOs, mice receiving KO BMT and fed HCD developed larger spleens and had pale femurs, suggestive of BM dysfunction (Figure [4](#F4){ref-type="fig"}B and [4](#F4){ref-type="fig"}C). We previously showed that prolonged hypercholesterolemia results in the outsourcing of hematopoiesis from the BM to the spleen.^[@R20]^ It seems that this phenotype may be accelerated and exaggerated in *miR-146a*^−/−^ mice, even in the face of lower circulating VLDL/LDL cholesterol levels.

![**Diet- and age-dependent splenomegaly in double knockout (DKO) mice. A**, Spleen weight in *Ldlr*^−/−^ or DKO mice after 12 or 18 wk of high cholesterol diet (HCD; n=12--16 for 12-wk HCD; n=5 for 18-wk HCD). **B**, Representative images of spleens and femurs in wild-type (WT) and KO bone marrow transplant (BMT) mice on HCD for 12 wk. **C**, Quantification of spleen weight in WT and KO BMT mice on HCD for 12 wk (n=5--7). **D**, Mice were placed on HCD or normal chow diet (NCD) at 20 wk of age for 12 wk. **E**, Percentage of Oil Red-O (ORO) region per aortic arch measured en face (n=3--4). *Ldlr*^−/−^ mice on NCD were from a separate experiment and are included for comparison purposes (n=5). **F**, Representative images of spleens and femurs. **G**, Quantification of spleen weights (n=3--4). *Ldlr*^−/−^ mice on NCD were from a separate experiment and are included for comparison purposes (n=5). **H**, Quantification of total CD45^+^ cells in spleens by fluorescence-activated cell sorting (FACS) analysis (n=3--4). Ldlr indicates low-density lipoprotein receptor.](res-121-354-g004){#F4}

To further investigate the effects of aging on splenomegaly and atherogenesis, DKO mice were fed a 12-week HCD regime starting at 20 weeks of age (rather than the typical 10 weeks of age; Figure [4](#F4){ref-type="fig"}D). In contrast to younger DKO mice, which had unaltered plaque burden in the aorta after 12 weeks of HCD (Figure [2](#F2){ref-type="fig"}D), older mice had reduced atherosclerosis in the aortic arch after the same duration of diet (Figure [4](#F4){ref-type="fig"}E). No differences in plaque formation were observed in the descending thoracic aorta (not shown). This reduction in aortic arch atherosclerosis was accompanied by splenomegaly (Figure [4](#F4){ref-type="fig"}F and [4](#F4){ref-type="fig"}G). Importantly, the splenomegaly phenotype at this age was dependent on exposure to HCD, as this was not observed in DKO mice on a regular chow diet (Figure [4](#F4){ref-type="fig"}F and [4](#F4){ref-type="fig"}G). The pale femur phenotype in older DKO mice also seemed to be dependent on exposure to HCD (Figure [4](#F4){ref-type="fig"}F). The increased spleen size in older DKO mice on HCD corresponded with an increase in splenic CD45^+^ leukocytes (Figure [4](#F4){ref-type="fig"}H). Intriguingly, these findings highlight a potential relationship between the reduced atherogenesis observed in DKO mice on HCD and development of splenomegaly and pale femurs, suggesting that defective hematopoiesis may contribute to the phenotype. Although previous studies have linked splenomegaly with reduced circulating cholesterol,^[@R21]^ the contribution of splenomegaly to reduced LDL cholesterol in *miR-146a*^−/−^ mice remains unclear. Although leukocyte content in the spleen at 12 weeks of HCD was not significantly different in DKOs (Online Figure VA) and spleens were not significantly larger (Figure [4](#F4){ref-type="fig"}A)---despite reduced levels of plasma cholesterol at this stage (Figure [2](#F2){ref-type="fig"}F)---mice receiving *miR-146a*^−/−^ BMT had greatly enlarged spleens at 12 weeks of HCD (Figure [4](#F4){ref-type="fig"}C), which coincided with reduced circulating LDL (Figure [3](#F3){ref-type="fig"}F). Furthermore, oxidized LDL uptake and cholesterol efflux were similar in WT and *miR-146a*^−/−^ macrophages (Online Figure VB and VC), suggesting that *miR-146a--*deficient macrophages seem not to be more avid at sequestering cholesterol. However, expansion of macrophages in the liver and spleen may contribute to the sequestering of cholesterol from circulation. The contribution of splenomegaly to cholesterol lowering in *miR-146a*^−/−^ mice will require further exploration.

Loss of miR-146a Leads to Reduced BM Hematopoiesis While Promoting Extramedullary Hematopoiesis in the Spleen in Mice Fed a HCD
-------------------------------------------------------------------------------------------------------------------------------

The enlarged spleens in DKO mice on 18 weeks of HCD contained more CD45^+^ leukocytes and lymphocytes (Figure [5](#F5){ref-type="fig"}A; Online Figure VI for flow cytometry gating strategies). This was in contrast to the depletion of these cells from the BM of DKO mice (Figure [5](#F5){ref-type="fig"}B). Previous studies have observed defects in BM hematopoietic stem cell (HSC) longevity in aged (\>8 months) *miR-146a*^−/−^ mice, or in younger mice after repeated challenge with LPS.^[@R10]^ Assessing the spectrum of hematopoietic cells in the BM revealed normal levels of hematopoietic progenitors cells 1 and 2 and HSCs, but levels of multipotent progenitor cells were significantly decreased in DKOs (Figure [5](#F5){ref-type="fig"}C; Online Figure VIIA). The consequences of decreased multipotent progenitor cell levels were further evident in the decreased numbers of downstream progenitor cells (eg, Sca-1 \[stem cells antigen-1\]--negative progenitors, common myeloid progenitors, granulocyte--macrophage progenitors, megakaryocyte--erythroid progenitors; Figure [5](#F5){ref-type="fig"}C). Taken together, these data are suggestive of an HSC functional defect in the BM. Interestingly, despite this defect in HSC function in the BM, HSCs and downstream progenitor cells appeared in the spleens of DKO mice on HCD for 18 weeks but not in *Ldlr*^−/−^ mice (Figure [5](#F5){ref-type="fig"}D), demonstrating that loss of *miR-146a* accelerates extramedullary hematopoiesis. The dysregulation of hematopoiesis in the spleen and BM was accompanied by modest effects on circulating leukocytes, such as neutrophils and B cells, although anti-inflammatory Ly6C^lo^ monocytes were significantly increased (Online Figure VIIB).

![**Global loss of microRNA-146a (miR-146a) inhibits bone marrow (BM) hematopoiesis and promotes extramedullary hematopoiesis in the spleen.** Increase of splenic (**A**) and decrease in BM (**B**) CD45^+^ leukocytes and Ly6G^−^/CD115^−^ lymphocytes in DKO mice on diet for 18 wk, determined by fluorescence-activated cell sorting (FACS) analysis (n=5). **C**, Decrease of multipotent progenitor cells (MPPs) and downstream progenitor cells (eg, Sca-1 \[stem cells antigen-1\]--negative progenitor \[LS^−^K\], megakaryocyte--erythroid progenitor \[MEP\], common myeloid progenitor \[CMP\], and granulocyte--macrophage progenitor \[GMP\]) in BM of double knockout (DKO) mice after 18 wk of high cholesterol diet (HCD; n=5). **D**, Increase of splenic hematopoietic and multipotent stem cells in DKO mice after 18 wk of HCD (n=5; Online Figure VII). HPC indicates hematopoietic progenitors cell; HSC, hematopoietic stem cell; Ldlr, low-density lipoprotein receptor; and LSK, lineage^-^ Sca-1^+^ Kit^+^.](res-121-354-g005){#F5}

miR-146a in BM-Derived Cells Regulates BM and Extramedullary Hematopoiesis and Levels of Circulating Leukocytes and Lymphocytes
-------------------------------------------------------------------------------------------------------------------------------

Similar to the nontransplanted DKO mice on 18-week HCD, mice receiving KO BM accumulated more CD45^+^ leukocytes and lymphocytes in their spleens; however, this occurred after just 12-week HCD (Figure [6](#F6){ref-type="fig"}A). The BM in these mice was depleted of these cells by 12-week HCD (Figure [6](#F6){ref-type="fig"}B). This was accompanied by elevated NF-κB signaling in the BM of KO mice, as well as enhanced expression of TRAF6, an miR-146a target gene (Figure [6](#F6){ref-type="fig"}C). Progenitors downstream of HSCs, namely multipotent progenitor cells, Sca-1--negative progenitors, common myeloid progenitors, granulocyte--macrophage progenitors and megakaryocyte--erythroid progenitors, were diminished in the BM (Figure [6](#F6){ref-type="fig"}D), whereas extramedullary hematopoiesis was evident in mice receiving KO BM (Figure [6](#F6){ref-type="fig"}E). Correspondingly, mice receiving KO BM had decreased levels of circulating atherogenic leukocytes, including neutrophils, B cells, and Ly6C^hi^ monocytes, but levels of atheroprotective Ly6C^lo^ monocytes were increased after 12 weeks of HCD (Figure [6](#F6){ref-type="fig"}F). Assessing circulating levels of leukocytes and lymphocytes at earlier stages (ie, 4 weeks of HCD) revealed monocytosis in mice receiving KO BM (Figure [6](#F6){ref-type="fig"}F), suggesting that the reduction of hematopoiesis at later stages of atherosclerosis is preceded by enhanced hematopoiesis at earlier stages, similar to previous studies that revealed HSC exhaustion in KO mice in the context of repeated LPS stimulation.^[@R10]^

![**MicroRNA-146a (miR-146a) in bone marrow (BM)--derived cells regulates BM and extramedullary hematopoiesis and levels of circulating leukocytes and lymphocytes.** Lethally irradiated *Ldlr*^−/−^ mice (mix of males and females) were reconstituted with BM from wild-type (WT BM) or miR-146a^−/−^ (knockout \[KO\] BM) donors, followed by high cholesterol diet (HCD) for 12 wk. Increase of splenic (**A**) and a decrease of BM (**B**) leukocytes and lymphocytes, as assessed by fluorescence-activated cell sorting (FACS) analysis (n=5--7). **C**, Western blot of TRAF6 (TNF receptor--associated factor 6) and phospho-p65 (normalized to β-actin and total p65, respectively), in mice receiving WT or KO BM after 12 wk of HCD. Phospho-p65/p65 blots from WT/KO animals are from the same membrane with identical imaging parameters. **D**, Decrease of a subset of multipotent stem cells, but no changes to the long-term HSCs in the BM of mice receiving KO BM transplants (BMT; n=5--7). **E**, Increase of splenic hematopoietic and multipotent stem cells in mice receiving KO BM (n=5--7). **F**, Early monocytosis (4-wk HCD), followed by a decrease in peripheral blood (PB) proatherogenic cells (neutrophils, B Cells, and Ly6C^hi^ monocytes), and an increase of antiatherogenic Ly6C^lo^ monocytes after 12 wk of HCD (n=3 for 4-wk HCD; n=9--11 for 12-wk HCD). CMP indicates common myeloid progenitor; GMP, granulocyte--macrophage progenitor; HPC, hematopoietic progenitors cell; HSC, hematopoietic stem cell; Ldlr, low-density lipoprotein receptor; LS^−^K, Sca-1 (stem cells antigen-1)--negative progenitor; MEP, megakaryocyte--erythroid progenitor; and MPP, multipotent progenitor cell.](res-121-354-g006){#F6}

We next assessed the functionality of WT (CD45.1) and KO (CD45.2) BM-derived cells in a competitive 1:1 BMT. After reconstitution of the BM compartment of lethally irradiated *Ldlr*^−/−^ mice for 8 weeks, mice were placed on either normal chow diet (NCD) or HCD diet. Assessing circulating levels of leukocytes in mice fed an NCD revealed that KO BM cells preferentially contributed to neutrophil and Ly6C^hi^ monocyte populations compared with WT BM cells (Figure [7](#F7){ref-type="fig"}A). A short duration on HCD (4 weeks) expanded the leukocyte populations examined, and KO cells were predominant compared with WT cells (Figure [7](#F7){ref-type="fig"}A). This was especially the case for neutrophils and Ly6C^hi^ monocytes. However, in mice that received HCD for 12 or 32 weeks, the abundance of KO BM-derived cells was decreased. WT BM-derived cells were less affected (Figure [7](#F7){ref-type="fig"}A). This suggests that long-term HCD impairs the ability of KO BM-derived cells to contribute to circulating leukocyte populations. Assessing the abundance of WT versus KO leukocytes in the aorta at advanced stages of atherosclerosis revealed that neutrophils, macrophages, and monocytes (Ly6C^hi^ and Ly6C^lo^) seemed to be primarily WT BM derived, whereas B- and T-cell populations had similar contributions from WT and KO cells (Figure [7](#F7){ref-type="fig"}B). This was in contrast to the aorta in mice fed an NCD, where the majority of the cells seemed to be derived from KO cells (Figure [7](#F7){ref-type="fig"}B). Consistent with the reduced abundance of KO BM-derived cells in the circulation and atherosclerotic plaques in mice fed HCD, hematopoietic cells in the BM seemed to be primarily of WT origin under conditions of HCD feeding (Figure [7](#F7){ref-type="fig"}C). However, the opposite was observed in mice fed an NCD (Figure [7](#F7){ref-type="fig"}C).

![**MicroRNA-146a (miR-146a)--deficient cells seem to be outcompeted by wild-type (WT) cells in the bone marrow (BM), circulation, and in atherosclerotic plaques in high cholesterol diet (HCD)--treated animals, but not in normal chow diet (NCD)--treated animals**. Competitive BM transplantation (BMT) was performed into *Ldlr*^−/−^ recipients. A 1:1 mix of BM from WT (CD45.1) and knockout (KO; CD45.2) was used. **A**, Peripheral blood was analyzed by fluorescence-activated cell sorting (FACS) after NCD or HCD for 4, 12, or 32 wk (n=8, 5, 4, 2, respectively). Comparison was made between WT and KO within each time point. **B**, Cells in the aorta (**B**) and the BM (**C**) were analyzed by FACS in animals receiving NCD or HCD for 32 wk (n=2 per group). CMP indicates common myeloid progenitor; GMP, granulocyte--macrophage progenitor; HPC, hematopoietic progenitors cell; HSC, hematopoietic stem cell; Ldlr, low-density lipoprotein receptor; LS^−^K, Sca-1 (stem cells antigen-1)--negative progenitor; MEP, megakaryocyte--erythroid progenitor; and MPP, multipotent progenitor cell.](res-121-354-g007){#F7}

miR-146a in the Vasculature Restrains EC Activation and Atherosclerosis
-----------------------------------------------------------------------

Deletion of *miR-146a* has a major effect on BM-derived cell function, promoting systemic inflammatory signaling, extramedullary hematopoiesis, BM failure, and lipid dysregulation. To further distinguish the role of miR-146a in BM-derived cells versus the rest of the body, we transplanted lethally irradiated *Ldlr*^−/−^ and DKO mice with *miR-146a*^+/+^ (WT) BM (Figure [8](#F8){ref-type="fig"}A). Transplanted mice were placed on HCD for 12 weeks. Interestingly, we found no differences in circulating IL-6, sICAM-1, or TNF-α levels (Figure [8](#F8){ref-type="fig"}B) or circulating cholesterol or lipoproteins (Figure [8](#F8){ref-type="fig"}C). This suggests that the dysregulation of inflammation and circulating lipoprotein levels are dependent on deletion of *miR-146a* from BM-derived cells, rather than in other cell types, such as hepatocytes. In addition, no changes were observed in spleen size (Figure [8](#F8){ref-type="fig"}D). Levels of leukocytes in the spleen and in the circulation were also normalized, and only a modest decrease in leukocyte levels in the BM was seen (Figure [8](#F8){ref-type="fig"}E). Interestingly, NF-κB--dependent cytokines known to accelerate HSC proliferation (ie, IL-6, TNF-α, and IL-10)^[@R10],[@R22],[@R23]^ were highly expressed in the BM of *Ldlr*^−/−^ mice reconstituted with KO BM, but this was not observed in DKO mice reconstituted with WT BM (Figure [8](#F8){ref-type="fig"}F). Finally, with the normalization of these parameters after transplantation of WT BM in DKO mice, lipid plaque burden in the aorta was elevated compared with *Ldlr*^−/−^ mice receiving WT BMT (Figure [8](#F8){ref-type="fig"}G).

![**MicroRNA-146a (miR-146a) in the vasculature restrains endothelial cell (EC) activation and atherosclerosis. A**, Schematic of lethally irradiated *Ldlr*^−/−^ or double knockout (DKO) mice given bone marrow transplantation (BMT) from wild-type (WT BM) donors followed by high cholesterol diet (HCD) for 12 wk. **B**, Circulating proinflammatory markers, soluble intercellular adhesion molecule-1 (sICAM-1), IL-6 (interleukin-6), and TNF-α (tumor necrosis factor-α), measured by ELISA (n=5--8). **C**, Circulating cholesterol, high-density lipoprotein (HDL), triglycerides (TG), low-density lipoprotein (LDL) and glucose levels after 12 wk of HCD (n=5). **D**, Quantification of spleen weight after 12 wk of HCD (n=12--15). **E**, Fluorescence-activated cell sorting (FACS) analysis of myeloid cells from spleen, BM, and peripheral blood (n=12--15). **F**, Gene expression in BM cells from BM transplanted animals (n=3--7). **G**, Percentage of Oil Red-O (ORO) region per aortic arch measured by en face staining (n=11--14). Representative images are shown to the right. Data on EC activation in the aorta are given in Online Figure VIII.](res-121-354-g008){#F8}

To determine whether miR-146a in the vasculature affects EC activation in the aorta, we stimulated WT or KO mice with the proinflammatory cytokine, IL-1β. We found that miR-146a target genes (eg, HuR \[human antigen R\] and TRAF6) were elevated in the aortic arch of KO mice, and that levels of *VCAM-1* (vascular cell adhesion molecule-1), E-Selectin (*SELE*), and *ICAM-1* (intercellular adhesion molecule-1) were induced to a greater extent in KO compared with WT mice (Online Figure VIIIA and VIIIB). In the setting of atherosclerosis, we found that expression of adhesion and chemokine genes seemed to be elevated in intimal cells of the aorta from DKO mice receiving WT BM compared with *Ldlr*^−/−^ mice receiving WT BM (Online Figure VIIIC). These observations are consistent with our previous study that demonstrated that miR-146a restrains EC activation.^[@R6]^

Discussion
==========

miR-146a has been identified as a vital brake in inflammatory signaling pathways,^[@R6],[@R8],[@R10],[@R24]^ and levels are elevated in human atherosclerotic plaques.^[@R25]^ Recent studies have also uncovered a single-nucleotide polymorphism in the *miR-146a* gene that influences miR-146a expression and susceptibility to coronary artery disease.^[@R26]--[@R29]^ However, no studies have directly assessed the function of endogenous miR-146a during atherogenesis. Here, we report that deletion of *miR-146a* within BM-derived cells surprisingly reduces atherosclerotic plaque formation, whereas deletion of *miR-146a* in the vasculature enhances endothelial activation and atherogenesis. These diverse phenotypes arise from a common defect in distinct cellular compartments, namely unrestrained NF-κB--dependent inflammatory signaling.

To our surprise, ablation of *miR-146a* from BM-derived cells reduced atherosclerosis, while paradoxically elevating indices of systemic inflammatory signaling (ie, proinflammatory cytokines and sICAM-1; an overview of *miR-146a--*deficient phenotypes is given in Online Figure IX). This increase in circulating cytokines would typically be accompanied by abundant inflammatory immune cells in circulation. However, we observed a decrease in proatherogenic cells, including Ly6C^hi^ monocytes, T cells and neutrophils, and an increase in atheroprotective Ly6C^lo^ monocytes. This implies that *miR-146a--*deficient leukocytes present in circulation are likely to be especially proinflammatory, demonstrating that miR-146a is important in quelling their activation. The paucity of circulating immune cells is the consequence of defective BM hematopoiesis, which likely arises because of hematopoietic cell exhaustion. Hypercholesterolemia stimulates hematopoiesis in the BM and spleen to produce proinflammatory cells, such as Ly6C^hi^ monocytes that contribute to plaque growth.^[@R20],[@R30]--[@R33]^ We find evidence of precocious monocytosis at early stages of atherogenesis in mice that received *miR-146a*^−/−^ BM. In addition, transplanted *miR-146a--*deficient cells outcompete transplanted WT cells in the BM and in circulation during early atherogenesis. However, prolonged exposure to hypercholesterolemia seems to lead to a defect in the contribution of *miR-146a*^−/−^ cells to hematopoietic cell populations in the BM, circulation, and in atherosclerotic plaques, implying that the activation of BM hematopoiesis by HCD cannot be sustained in the absence of *miR-146a*. Consequently, these mice initiate extramedullary hematopoiesis in the spleen. Although spleen-derived Ly6C^hi^ monocytes can contribute to atherogenesis,^[@R20]^ the circulating cells generated in the spleen of mice receiving *miR-146a--*deficient BM seem to be insufficient to compensate for the reduction in leukocyte output from the BM.

Defects in hematopoiesis have previously been observed in aged *miR-146a*^−/−^ mice.^[@R10]^ In this case, older mice (\>8 months of age) developed a progressive loss of hematopoietic stem and progenitor cells as a result of increased NF-κB--dependent IL-6 production in the BM. Enhanced IL-6 production in *miR-146a*^−/−^ mice promoted hematopoietic cell proliferation leading to eventual exhaustion. This phenotype could be accelerated by repeated challenge with LPS, which drives IL-6 production.^[@R10]^ Similarly, in our model of atherosclerosis, we observed an increase in TRAF6 expression, NF-κB activity, and *IL-6* expression (an NF-κB--regulated cytokine) in the BM, as well as IL-6 protein levels in circulation. Because hypercholesterolemia drives stress-induced hematopoiesis^[@R33]--[@R35]^ and premature HSC aging and senescence,^[@R36]^ it is likely that increased cycling of hematopoietic cells leads to stem cell exhaustion in the absence of *miR-146a*.

A notable phenotype observed in both the global and BM-restricted *miR-146a* loss-of-function models is the reduction in VLDL/LDL cholesterol in circulation. Defects in cholesterol homeostasis in *miR-146a* global KOs could be rescued by transplantation of WT BM, demonstrating that miR-146a in BM-derived cells, rather than hepatocytes, regulates lipid metabolism. It is important to note that the defects that we observe in *miR-146a*^−/−^ mice (ie, enhanced levels of circulating cytokines, monocytosis, outsourcing of hematopoiesis to extramedulary sites, splenomegaly, and eventual BM failure) are known to be driven by hypercholesterolemia.^[@R20],[@R32],[@R33]^ That we observe these phenotypes even in the face of lower VLDL/LDL cholesterol suggests that it is not lower cholesterol per se that is solely responsible for the decrease in atherosclerosis in these mice, although it likely contributes. *miR-146a*^−/−^ mice are especially sensitive to the inflammatory effects of hypercholesterolemia (even though VLDL/LDL cholesterol levels are decreased), and the hematopoietic phenotypes that we observe are not apparent in mice fed an NCD. The reduced atherosclerosis seems to be at least partly attributable to an unchecked chronic inflammatory response to hypercholesterolemia that drives BM hematopoiesis defects and a decrease in circulating proatherogenic inflammatory cells. The role of miR-146a in monocyte recruitment and macrophage biology in the plaque has not been explored here, but should be assessed in future studies.

We demonstrate that a lack of *miR-146a* seems to impair VLDL secretion from the liver. This is accompanied by macrophage accumulation, inflammatory gene expression (including IL-6), and an increase in *Sort1* expression in the liver; each of which may contribute to the phenotype. Although *miR-146a--*deficient BM-derived macrophages have unaltered oxidized LDL uptake and cholesterol efflux, the expansion of macrophages in the liver or spleen may influence circulating cholesterol levels through cholesterol sequestration. Altered VLDL secretion also occurs in response to proinflammatory cytokines such as IL-6,^[@R37]--[@R39]^ and we confirm that exposure to IL-6 reduces triglyceride secretion from cultured primary mouse hepatocytes. Finally, we identify *Sort1* as a novel miR-146a target gene. SORT1 has been shown to play an important, though controversial role in VLDL secretion.^[@R40]^ Genome-wide association studies in humans identified *SORT1* as a causative gene in the regulation of circulating LDL levels and risk of atherosclerotic disease.^[@R18]^ Overexpression of SORT1 in the liver of mice enhances VLDL destruction in the liver and inhibits secretion.^[@R18]^ SORT1 can also bind extracellular LDL and direct its catabolism.^[@R41]^ However, other studies have found that deletion of *Sort1* in mice can also result in reduced LDL levels,^[@R19],[@R42]^ suggesting that the contribution of SORT1 to cholesterol metabolism remains to be fully resolved. Finally, additional studies found that lack of SORT1 in macrophages can inhibit secretion and signaling of cytokines, such as IL-6,^[@R19]^ whereas overexpression can enhance LDL uptake.^[@R43]^ This is of interest considering that *Sort1* is likely dysregulated in BM-derived cells in our *miR-146a* loss-of-function models. Further studies will be required to delineate the contribution of miR-146a--dependent *Sort1* regulation within BM-derived cells to the VLDL/LDL phenotype. Furthermore, additional miR-146a target genes in BM-derived cells may contribute.

Our study emphasizes the important role that miR-146a plays in controlling the output of inflammatory signaling pathways in ECs and hematopoietic cells in the setting of an atherogenic diet and further confirms the critical role of hypercholesterolemia in hematopoietic cell stress. Our findings are intriguing in light of polymorphisms in *miR-146a* in human patients that alters susceptibility to coronary artery disease. Furthermore, our studies suggest that elevating the expression of miR-146a in BM-derived cells or ECs is likely to suppress human atherogenesis by restraining NF-κB signaling, which is in agreement with recent studies in mouse models.^[@R14],[@R44]^
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Novelty and Significance
========================

What Is Known?
--------------

-   MicroRNA-146a (miR-146a) suppresses inflammatory responses in endothelial cells and bone marrow (BM)--derived cells by targeting adaptor proteins in the nuclear factor κ light chain enhancer of activated B cells signaling pathway.

-   Increased levels of miR-146a have been detected in human atherosclerotic plaques, and polymorphisms in the miR-146a precursor are associated with risk of coronary artery disease.

-   Injection of exogenous miR-146a reduces atherogenesis in mouse models.

What New Information Does This Article Contribute?
--------------------------------------------------

-   Deletion of *miR-146a* in BM-derived cells enhances the production of proinflammatory cytokines, but paradoxically reduces circulating proatherogenic leukocytes, ultimately resulting in decreased atherosclerosis.

-   miR-146a in BM-derived cells protects against high cholesterol diet--induced hematopoietic progenitor cell exhaustion in the BM and prevents extramedullary hematopoiesis and splenomegaly.

-   Circulating very-low-density lipoprotein levels are progressively decreased in mice lacking *miR-146a* in the BM, and this is accompanied by enhanced inflammation in the liver and dysregulation of a newly identified miR-146a target gene, *sortilin 1* (*Sort1*).

Elevation of miR-146a expression in atherosclerotic plaques in humans and polymorphisms in the miR-146a precursor that are associated with coronary artery disease are suggestive of a role for this microRNA in atherogenesis. Although numerous studies have placed miR-146a among the echelon of anti-inflammatory microRNAs, the role of endogenous *miR-146a* in atherosclerosis remains unknown. Surprisingly, despite the ability of this microRNA to restrain cytokine production in BM-derived cells, loss of this microRNA resulted in reduced atherosclerosis. This was accompanied by hematopoietic stem cell exhaustion and a corresponding reduction in levels of circulating proatherogenic cells. Enhanced inflammatory signaling occurred even though circulating levels of very-low-density lipoprotein cholesterol were diminished in these mice. Within the vasculature, miR-146a restrained endothelial activation, and loss of *miR-146a* in the vasculature enhanced atherosclerosis. This study reveals a critical function for a single microRNA in the control of the intensity of inflammatory responses to hypercholesterolemia and highlights the detrimental effects of unrestrained inflammatory signaling in multiple organs: BM (hematopoietic stem cell exhaustion), spleen (extramedullary hematopoiesis and splenomegaly), liver (cholesterol homeostasis defects), and the vasculature (enhanced endothelial cell activation and monocyte recruitment). Importantly, these findings provide a further impetus to therapeutically augment miR-146a expression/function in atherosclerosis.
